Purpose: Dysregulation of the phosphoinositide 3-kinase (PI3K)/Akt/mTOR pathway is seen in 40% to 60% of patients with colorectal cancer. Everolimus, an oral inhibitor of mTOR, showed efficacy in patients with metastatic colorectal cancers in phase I studies.
Introduction
Colorectal cancer is the third most common cause of cancer and cancer mortality in the United States (1) .
Approximately 20% of patients have distant metastases at presentation (1) , and 20% to 50% of patients will relapse after treatment and progress to metastatic CRC (2) . Treatments available for colorectal cancers have changed greatly in the past 10 years and have resulted in substantial improvements in survival. Despite these medical advancements, novel therapeutic agents targeting specific molecular signaling pathways are needed when standard treatments fail and patients develop progressive disease.
mTOR, a serine/threonine tyrosine kinase, is a key regulatory protein of normal cell division and growth that lies downstream of the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway and is activated in response to mitogens, extracellular growth factors such as EGF, VEGF, and insulin-like growth factor (IGF), and nutrients such as glucose, amino acids, and oxygen. Upon activation, mTOR relays the cellular signal to downstream effectors to stimulate cell growth, proliferation, and angiogenesis (3, 4) . PI3K gene mutation and amplification, AKT mutation and amplification, and loss of the PTEN tumor suppressor gene lead to constitutive activation of the PI3K/Akt/mTOR pathway, which contributes to the pathophysiology of several human malignancies including colorectal cancers (3) (4) (5) . Mutations in PI3K have been observed in 10% to 20% of patients with colorectal cancers (6, 7) and loss of PTEN in approximately 40% (6, 8) . Moreover, approximately 30% to 40% of patients with colorectal cancers harbor mutations in KRAS, another upstream regulator of PI3K/Akt/mTOR (9) (10) (11) .
Everolimus is an oral inhibitor of mTOR. In 2 phase I studies of everolimus in patients with solid tumors, 2 patients with metastatic colorectal cancers achieved partial responses (PR; refs. 12, 13). On the basis of the prevalence of PI3K/Akt/mTOR activation in patients with colorectal cancers and the promising antitumor activity of everolimus, we conducted a multicenter phase II study to assess the disease control rate (DCR) provided by everolimus in patients with metastatic colorectal cancers who experience progressive disease after standard therapies.
Materials and Methods

Patients and study design
This prospective, open-label, multicenter phase II trial (ClinicalTrials.gov identifier NCT00419159) enrolled patients from December 1, 2006 , to June 3, 2008 . Inclusion criteria included age 18 years, histologically confirmed metastatic colorectal cancers, 1 measurable lesion, and radiologically documented progressive disease per the Response Evaluation Criteria in Solid Tumors (RECIST; ref. 14) during or within 6 months of the most recent dose of chemotherapy including a fluoropyrimidine, oxaliplatin, irinotecan, or a targeted agent. Previous treatment with bevacizumab-, fluoropyrimidine-, oxaliplatin-, and irinotecan-based regimens was required. For patients with EGFRpositive tumors as determined by staining 2þ or 3þ on immunohistochemistry, previous treatment with cetuximab or panitumumab was required per standard practice; KRAS mutation status had not yet emerged as a predictive marker of anti-EGFR agent efficacy during the accrual period of the study. Additional eligibility criteria included no previous treatment with everolimus or other mTOR inhibitors, sufficient and obtainable tumor tissue for biomarker analysis (only the original surgical resection was acceptable), a World Health Organization (WHO) performance status of 0-2, and adequate bone marrow, hepatic, and renal function. Patients with untreated or neurologically unstable central nervous system metastases and/or uncontrolled medical conditions or other conditions that could affect their participation in the study were excluded. All subjects provided written informed consent, and the study was approved by the Institutional Review Boards of all participating institutions.
Patients were enrolled in 2 consecutive phase II cohorts. The initial cohort received everolimus 70 mg once weekly and the second cohort received everolimus 10 mg once daily. In both cohorts, treatment was administered continuously until disease progression, unacceptable toxicity, or study discontinuation. Two everolimus dose reductions were allowed for unacceptable toxicity: 70 to 50 mg/wk and then 40 mg/wk in the weekly cohort and 10 to 5 mg/d and then 5 mg every other day in the daily cohort. If treatment was interrupted due to toxicity, everolimus was not resumed until recovery to grade 1 and was reintroduced at the initial dose or lower dose level depending on the toxicity and grade. Patients with interruptions lasting longer than 21 days or who were intolerant of the lowest dose level were discontinued from the study. Adverse events associated with everolimus treatment (stomatitis, noninfectious pneumonitis, hyperlipidemia, and hyperglycemia) were treated using prespecified management algorithms.
Efficacy and safety assessments
Tumor measurements were obtained via computed tomography or MRI of the chest/abdomen and pelvis at baseline, every 8 weeks until determination of disease progression per the local investigator and radiologist, and at end of study, according to RECIST version 1.0 (14) . Patients were followed every 3 months for survival. Exploratory biomarker analyses were conducted using formalinfixed/paraffin-embedded archival tumor tissue and, if available, tissue from the most recent post-diagnosis biopsy or optional biopsy of a metastatic site. The mutational status of PIK3CA, KRAS, and BRAF was assessed by sequencing tumor DNA using the Sanger method. Protein expression of PTEN, phosphorylated Akt(Ser473), phosphorylated S6(Ser240), and p53 was assessed by immunohistochemistry using clones 6H2.1 (Dako), 736E11 (Cell Signaling Technologies), DAK-S6-240 (Dako), and DO-7 (Dako), respectively.
Safety assessments consisted of collecting all adverse events (AE) and serious AEs during study treatment and for 28 days thereafter. AEs were assessed according to the Common Toxicity Criteria for Adverse Events, version 3.0. Hematology, blood chemistry, urine, and vital signs were regularly monitored, and physical examinations, WHO performance status, and body weight were regularly assessed.
Translational Relevance
Dysregulation of the phosphoinositide 3-kinase (PI3K)/ Akt/mTOR pathway is seen in 40% to 60% of patients with colorectal cancer and represents a promising target for colorectal cancer therapy. Herein, we report the results of a large phase II study of 2 dose schedules of everolimus, an mTOR inhibitor, in 199 multiply refractory patients with metastatic colorectal cancers. We definitively show that there is no meaningful benefit of everolimus when administered as a single agent in this large, highly refractory population. Extensive biomarker analyses show that KRAS-mutated patients receiving daily everolimus experienced significantly poorer outcomes compared with wild-type KRAS patients. We also confirmed that patients with BRAF mutation had worse survival than patients with wild-type BRAF. As a result of this important study, future research can now be guided toward combination studies targeting the PI3K/Akt/mTOR and other related pathways, and trials focused on selected patients with dysregulation of the pathway.
Statistical analyses
The full analysis set (FAS) included all patients who were evaluable for efficacy, defined as patients who received at least one everolimus dose. The safety population included all patients who received at least one dose of everolimus and had at least one post-baseline safety assessment. The per-protocol set (PPS) included all patients from the FAS who were evaluable for efficacy without any major protocol deviation and either completed a minimum exposure requirement (defined as having a relative dose intensity over the first eight weeks of treatment of at least 50%) or progressed before the minimum exposure requirement could be met.
Primary efficacy endpoints were the DCR and objective response rate (ORR). DCR was defined as the proportion of patients with best overall response of complete response (CR), PR, or stable disease (SD). ORR was defined as the proportion of patients with best overall response of CR or PR. Secondary efficacy endpoints included progression-free survival (PFS), overall survival (OS), duration of SD, and duration of response. Exploratory endpoints included analyses of DCR, PFS, and OS by subgroups of key clinical factors and predefined molecular biomarkers.
Within each of the 2 consecutive phase II cohorts, a Simon 2-stage design was used based on DCR in the PPS at week 8. This endpoint provided a signal of antitumor activity that was available relatively quickly in patients and captured both disease stabilization and objective tumor shrinkage. A DCR of 30% would preclude further study; the targeted DCR for efficacy was set at 45%. Within each cohort, the study design required a total of 34 patients in the PPS at week 8 in the first stage using a significance level of 10% and a power of 90%. If 10 patients achieved disease control, then the treatment schedule would be stopped; otherwise, an additional 41 patients would be included in the PPS at week 8. If 28 patients in the overall PPS achieved disease control, then that treatment schedule of everolimus would be considered worthy of further study. The primary measure of efficacy at the end of the trial was ORR. The primary endpoints of DCR and ORR were calculated in the PPS and FAS, respectively. Supportive analyses of DCR and ORR were determined in the FAS and PPS, respectively. Patients with best overall response of "unknown" were treated as nonresponders. It was estimated that up to 100 patients would need to be enrolled onto each treatment schedule in the FAS to attain the required 75 patients for each PPS.
All secondary efficacy endpoints were determined in the FAS for each treatment schedule. PFS was defined as the time from date of first study treatment to the date of the first documented disease progression or death due to any cause. OS was defined as the time from start of treatment to the date of death due to any cause. Duration of SD was defined as the time from start of treatment to documented disease progression or death due to underlying cancer. Duration of response was defined as the time from first documented response to documented disease progression or death due to underlying cancer. Potential relationships between biomarkers and PFS and OS were explored using Cox regression analysis. HRs with 95% confidence intervals (CI) for the patient groups (i.e., KRAS/BRAF mutated vs. wild-type and PTEN expression low vs. normal) were determined on the basis of the Cox model adjusted for 2 prognostic factors: WHO performance status (0 vs. 1) and baseline lactate dehydrogenase. For assessment of potential relationships between biomarkers and DCR, ORs and 95% CIs were determined on the basis of logistic regression models adjusted for the 2 prognostic factors.
Results
Patient characteristics and disposition
Between December 2006 and June 2008, 99 and 100 patients were enrolled in the everolimus 70 mg weekly and 10 mg daily schedules, respectively. Demographic and baseline characteristics were similar among patients in both schedules ( Table 1 ). All patients in each treatment schedule received at least one everolimus dose and were included in both the FAS and the safety population. At the time of database lock, all patients had discontinued treatment, most commonly for disease progression (79.8% of patients in the weekly schedule and 76.0% of patients in the daily schedule; Table 2 ). A total of 71 patients were included in the PPS in each treatment schedule; reasons for exclusion from the PPS included unknown best overall response based on investigator review (n ¼ 35), insufficient treatment exposure (n ¼ 17), baseline tumor assessment >21 days before first dose of everolimus (n ¼ 15), lack of treatment with all required previous chemotherapy agents (n ¼ 13), receipt of anticancer therapy within 4 weeks before first dose of everolimus (n ¼ 2), lack of histologic or cytologic confirmation of colorectal cancer diagnosis (n ¼ 1), and initiation of the weekly treatment schedule instead of the assigned daily schedule (n ¼ 1).
Treatment exposure and dose reductions
The median duration of exposure was 8.0 weeks (range, 1.0-31.0 weeks) in the weekly schedule and 8.0 weeks (range, 1.0-44.0 weeks) in the daily schedule. The percentage of patients who had at least one everolimus dose reduction/interruption was 31.3% and 42.0% in the weekly and daily schedules, respectively. Mean relative dose intensity was 0.90 in the weekly schedule and 0.92 in the daily schedule.
Efficacy
In both the weekly and daily everolimus schedules, disease stabilization was achieved by 12 of the first 34 patients in the PPS, thus meeting the Simon 2-stage requirement to expand enrollment for both schedules. Regardless of the population of analysis, no CRs or PRs were observed, and the best overall response was SD. The protocol-defined primary endpoint, the DCR in the PPS, was 31.0% in the weekly schedule and 32.4% in the daily schedule (Table 3) . In the FAS, the DCR was 25.3% in the weekly schedule and 26.0% in the daily schedule (Table 3 ).
In the FAS, median duration of SD was 3.9 months (95% CI, 3.6-5.3 months) in the weekly schedule and 3.9 months (95% CI, 3.6-4.7 months) in the daily schedule. Median PFS in the FAS was 1.8 months (95% CI, 1.7-1.8 months) in the weekly schedule and 1.8 months (95% CI, 1.7-1.9 months) in the daily schedule (Fig. 1A) . Median OS was 4.9 months (95% CI, 4.0-6.6 months) and 5.9 months (95% CI, 4.7-7.1 months), respectively (Fig. 1B) .
Exploratory biomarker analyses
Of the 199 enrolled patients, KRAS mutation status was available for 160 (80.4%) and 74 of those evaluable (46.2%) had a confirmed mutation. In exploratory analyses and after Includes cecum (n ¼ 5), colon and rectum (n ¼ 3), rectosigmoid (n ¼ 4), sigmoid colon (n ¼ 2), colorectal (n ¼ 1), and splenic colon corner (n ¼ 1). Table 4 ). However, among patients receiving daily everolimus, those with a KRAS mutation experienced significantly shorter median OS (P ¼ 0.008) and lower DCR (P ¼ 0.035) than those with wild-type KRAS (Table 4) . PTEN expression was low in 69 of the 145 patients (47.6%) for whom expression data were available. PTEN expression did not significantly influence the DCR or median PFS or OS in either treatment schedule (Table 4) .
Among the 158 patients (79.4%) evaluated for BRAF, mutation was detected in 15 (9.5%). Median PFS in the combined weekly and daily schedules was 1.6 months in patients with a BRAF mutation and 1.7 months in patients with wild-type BRAF. In an adjusted Cox analysis, patients with BRAF mutation had a greater risk of death or progression than patients with wild-type BRAF (HR, 1.7; 95% CI, 1.0-3.0; P ¼ 0.048). PIK3CA mutations were found in only 8 of 160 patients (5%) for whom mutation status was available, precluding determination of the impact of PIK3CA mutations on survival. Baseline tumor expression of phosphorylated Akt, phosphorylated S6, and p53 showed no correlation with PFS or OS (data not shown).
Safety
All patients in the study reported at least one AE. Grade III/IV AEs were reported for 58.6% of patients in the everolimus weekly schedule and 50.0% of patients in the daily schedule. Dose reductions and/or interruptions due to an AE were reported for 24.2% of patients in the weekly schedule and 35.0% of patients in the daily schedule. The overall AE profile in both groups was consistent with the known safety profile of everolimus (Table 5) . For most AEs, the percentage of patients who experienced a given AE was higher in the weekly schedule compared with the daily schedule. The most common AEs (any grade) in the everolimus 70 mg weekly schedule were fatigue (50.5%), nausea (41.4%), rash (34.3%), and decreased appetite (31.3%). In the 10 mg daily schedule, the most common AEs (any grade) were fatigue (37.0%), rash (29.0%), diarrhea (26.0%), and decreased appetite (25.0%). Pneumonitis was reported in 2 patients in each treatment schedule, with one patient in each schedule experiencing a grade 3 event.
Eleven patients (11.1%) in the weekly schedule and 14 patients (14.0%) in the daily schedule experienced death while on treatment or within the 28-day follow-up period. All deaths were considered unrelated to study drug. The cause of death was disease progression in 22 patients and renal failure, multiple organ failure, and pneumonia in one patient each.
Discussion
In this study, single-agent everolimus showed minimal activity in patients with heavily pretreated metastatic colorectal cancers who had progressive disease after treatment with several targeted and chemotherapeutic agents. Administration of everolimus 70 mg weekly or 10 mg daily resulted in disease stabilization in approximately 30% of patients in the PPS (protocol-defined primary endpoint) and approximately 25% of patients in the FAS. No patients experienced a PR or CR. Both the weekly and daily everolimus schedules were well tolerated in this patient population, and the AEs observed were consistent with the overall clinical experience with everolimus in cancer (15) (16) (17) (18) .
Considerable data exist to support a role for the PI3K/Akt/ mTOR pathway in colorectal cancer pathogenesis. Akt overexpression and activated Akt activation have been detected in colorectal neoplasms (19) , as has overexpression of Raptor and Rictor, 2 regulatory proteins bound to the mTOR complex (20, 21) . Preclinical studies have shown colorectal cancer cell growth and progression when the pathway is activated (22) , and decreased proliferation, increased apoptosis, and attenuated cell-cycle progression when mTOR is inhibited (21) . In addition, increased mRNA levels of mTOR are seen in tumor samples from patients with advanced stages of colorectal cancers compared with samples from patients with earlier stages of disease, with mTOR inhibition attenuating migration and invasion in vitro (20) .
KRAS is mutated in approximately 30% to 40% of patients with colorectal cancers (9-11), leading to activation of several downstream pathways, including the PI3K/Akt/mTOR and RAF/MEK/ERK pathways. In our study, 46% of evaluable patients had a KRAS mutation. In exploratory analyses of our patient population adjusted for key prognostic factors, the presence of KRAS mutation did not significantly affect PFS; however, among patients who received daily everolimus, those with KRAS-mutant tumors experienced a significantly shorter median OS than those with KRAS wild-type tumors. The shorter median OS in patients with KRAS-mutant tumors who received daily everolimus is consistent with preclinical data showing that human cells harboring KRAS mutations were less sensitive to mTOR inhibition and clinical data showing that patients whose tumors harbored KRAS mutations did not derive benefit from everolimus monotherapy (23) . However, these results are hypothesis-generating and further research is necessary to determine whether they are reproducible or whether they are an artifact of the multiple comparisons conducted. Overall, no patient subset defined by KRAS mutation, BRAF mutation, or tumoral expression of PTEN, phosphorylated Akt, phosphorylated S6, or p53 appeared to experience a uniquely improved outcome in this population of subjects treated with everolimus. One possible explanation for the lack of significant single-agent everolimus activity in colorectal cancers may be the presence of a negative feedback loop within the PI3K/ Akt/mTOR pathway, mediated by ribosomal S6 kinase 1 (S6K1) and insulin receptor substrates (IRS) 1 and 2 (24) . Upon inhibition of mTOR, this negative feedback may be lost, resulting in a paradoxical increase in PI3K signaling, Akt activation, and consequent cell growth and survival (12, 25, 26) . Future studies should therefore evaluate inhibitors of mTOR in combination with inhibitors of PI3K and insulin-like growth factor-1 receptor (IGF-1R), as well as agents targeted at other upstream components of the pathway. Of note, in a phase I study of everolimus in combination with the IGF-1R inhibitor OSI-906, dose-limiting toxicities of mucositis, nausea/vomiting, thrombocytopenia, and neutropenia were observed, and the maximum tolerated dose of the combination (everolimus 5 mg once daily plus OSI-906 50 mg twice daily) was the lowest dose level tested; this dose level showed no significant sign of clinical activity in refractory metastatic colorectal cancers (27) . Results of the ongoing phase I dose-finding study of everolimus in combination with the IGF-1R inhibitor AMG 479 for patients with advanced solid tumors, which has a planned extension cohort of patients with metastatic colorectal cancers, may provide more information on the safety and efficacy of combining mTOR and IGF-1R inhibition (28) . Everolimus has also been studied in combination with bevacizumab in patients with metastatic colorectal cancers. In a phase II study of 50 patients with metastatic colorectal cancer who progressed on standard therapies including bevacizumab, the combination of everolimus 10 mg/d with bevacizumab 10 mg/kg every 2 weeks was tolerable but failed to show significant clinical activity as the best overall response was SD, observed in 46% of patients (29) . Currently, everolimus is being evaluated as part of combination therapy with panitumumab and irinotecan as second-line therapy (NCT01139138) and with FOLFOX and bevacizumab as first-line therapy (NCT01047293). Strengths of this phase II study include the evaluation of 2 separate dosing schedules of everolimus with adequate power, and the multicenter nature of the study with enrollment of patients across 2 continents, supporting the generalizability of the results. The biomarker data reported are also hypothesis-generating and contribute further to our understanding of the PI3K/Akt/mTOR pathway. Limitations of the trial include the enrollment of a large number of subjects to obtain the required population for analysis and the high rate of unknown best overall response in the study cohort, although this is not uncommon in studies of patients with refractory metastatic colorectal cancers.
While the ongoing studies described above may show improved efficacy when everolimus is used in combinations, our results suggest that single-agent everolimus does not confer meaningful efficacy for refractory metastatic colorectal cancers. Future studies of everolimus in combination with other targeted agents may benefit from enrolling patients with molecularly confirmed dysregulation of the PI3K/Akt/mTOR pathway. 
